The lattice Boltzmann method (LBM) plays an important role in transport phenomena in porous material with complex geometries. In this study, as a potential application of a heat and mass transport model in porous solid oxide fuel cell electrodes, heat diffusion and mass transfer were simulated in fractal porous material. The fractal porous material was reconstructed using the midpoint displacement algorithm (RMD), which is based on fractional Brownian motion theory. Using lattice Boltzmann simulation, permeability can be predicted by the LBM for porous material with different structural characteristics, as indicated by the Hurst exponent. The effective thermal conductivities of the heat transfer process are presented for reconstructed porous material with different porosities.
INTRODUCTION
The transport of gas through porous material has been the subject of many experimental and modeling studies. Heat and mass transfer in porous material is an important problem in energy, material, and civil engineering. As a means of understanding the heat/mass transfer mechanism , the effective transport properties of gas in porous material have long been investigated (Xuan et al., 2010) . Effective diffusion coefficients and effective thermal conductivities are crucially affected by the structural characteristics of porous material, which have been described theoretically, numerically, and experimentally (Kasta and Hohenthanner, 2000; Vogel et al., 2002; Ma et al., 2014; Wang et al., 2007a) . In this context, the simulation of diffusion and heat conduction in the actual morphological structure of porous material is of interest.
The fractal theory is important in nonlinear science and disordered media. Fractal methods have been applied to explore the structural characteristics of random porous materials by researchers such as Zhu et al. (2010) and Cheng et al. (2012) . Based on the fractal structure descriptors on porous material, a fractal reconstruction method was recently developed which looks promising for constructing stochastic porous media that can generate a three-dimensional porous structure from a two-dimensional sectional image based on simple parameters such as fractal dimension and porosity. Burganos (1999, 2000) proposed a random midpoint displacement algorithm (RMD) for constructing fractal porous material that follows fractional Brownian motions.
The permeability of reconstructed porous material has been investigated by numerical methods. Jilesen et al. (2012) found that three-dimensional porous materials reconstructed by the RMD are more realistic than those reconstructed by previous fractal methods. The stochastic reconstruction method embodies the random structure of actual porous material. However, this random structure is a challenge for numerical simulation methods. The LBM takes advantage of flexible complex boundaries, which have been used in simulating porous material transport processes (Wang and Pan, 2008) . Jeong et al. (2008) simulated the effective diffusion coefficients of random porous materials using LBM and compared their simulation with existing numerical and analytic results. Yoshino and Inamuro (2003) used a binary miscible mixture LBM to study transfer processes in three-dimensional porous materials. Wang et al. (2007b) predicted the effective thermal conductivity of porous materials with multiphase and random structures.
The current study investigated the effect of fractal descriptors on the effective diffusion coefficients and effective thermal conductivities of three-dimensional porous materials generated by the RMD algorithm. The diffusion and heat conduction processes of reconstructed porous materials were simulated using LBM, and the influences of the Hurst exponent on porous material were considered.
RECONSTRUCTION OF POROUS MATERIAL BY THE RMD
The RMD was derived from fractional Brownian motion statistics, which can be used to generate fractal media such as terrain, time-sequence curves, and rough surfaces. As an example, Fig. 1 shows a RMD-generated one-dimensional fractal Brownian curve. For a straight line, the position of end point A-B is decided by a random number between −1 and 1. The position of midpoint C is displaced by a random number as follow:
where A is a constant, H is the Hurst exponent, and R is a random number that can be expressed as
where σ 2 n is variance of the random number. Two new straight lines AC and BC are constructed. The position of the new midpoint in the two straight lines is displaced by a random number. After several repeated displacements, a fractal Brownian curve is generated.
FIG. 1: Schematic of the RMD.
For reconstructing three-dimensional porous material, creating fractional Brownian media is the key procedure, as shown in Fig. 2(a) . To ensure that the porosity of the generated porous material conforms to that of the actual porous material, an appropriate cut-off value should be determined based on the actual material's porosity (ε, ε < 1). The height values of the nodes of the fractional Brownian media are sorted from minimum to maximum, and a cut-off value is selected as the proportion of nodes with height values below the cut-off that is equal to the actual material's porosity (ε). If the height value of a node is below the cut-off, the node is set as a pore; if the value is above the cut-off,
FIG. 2: Image of porous material reconstructed by RMD.
Volume 2, Number 3, 2014 the node is set as a matrix. The reconstructed porous material is then generated by binarization. The porous material reconstructed by the RMD (ε = 0.8) in this study is illustrated in Fig. 2(b) .
NUMERICAL MODEL
As mentioned previously, a solid matrix with an irregular pore interface is the main difficulty in heat/mass transport processes in porous material at the pore scale. However, the LBM is appropriate for simulating the transport processes of a porous material because it can handle a complex irregular interface using the bounce-back boundary condition. The gas diffusion process in porous material was simulated using the LBM, which was derived from binary mixture theory. Heat transfer in porous material with different fractal characteristics was investigated based on the coupled lattice Bhatnagar-Gross-Krook (CLBGK) model. According to the Bhatnagar-Gross-Krook approximation, the evolution equation can be written as f
where f σ is the velocity distribution function of the σ component and where e σ α are the grid velocities of the α direction, which are associated with the discrete speed format and the D3Q19 model, which refers to the 19 discrete lattice speeds in three-dimensional space used in this study. The self-collision term J σσ α and the cross collision term J σς α between species are, respectively, J
According to the binary mixture model proposed by Luo and Girimaji (2003) , the equilibrium distribution equation of the collision term can be written as
The macroscopic density and speed of the fluid can be obtained via the velocity distribution function:
Using the Chapman-Enskog expansion for LBM equations and ignoring the diffusion time scale, the mass transport equation of the binary component can be written as
and the diffusion coefficient can be written as
When fluid viscous dissipation is not considered and the density is supposedly constant, the energy transport equation can be written as ∂T ∂t
Based on the coupled lattice BGK model given by Guo et al. (2002) , the temperature evolution equation and the equilibrium distribution function can be written as
and
where the macro temperature and diffusion coefficient can be obtained by
where χ is the thermal diffusion coefficient. When the fluid speed of the simulation area is set as 0, heat transfer is simplified as a thermal conduction process without convection. The boundary condition is very important to LBM simulation validity. In this study, the nonequilibrium extrapolation format was applied at the boundary of the calculation area and the bounce-back method was implemented at the fluid-solid interfaces. The thermal continuity conditions for the macro variables should be satisfied at these interfaces:
where T s is the temperature of the solid matrix, T g is the temperature of the gas, and k is the heat conductivity coefficient.
RESULTS AND DISCUSSION
The effective diffusion coefficients for random porous material were investigated. The gas diffusion process in reconstructed porous material was simulated using the LBM. As shown in Fig. 3 , the top and bottom boundaries were set as isothermal boundary conditions with a constant concentration of σ species; the other boundaries were employed as nonpermeation walls. The effective diffusion coefficient can be calculated as
where J * is the dimensionless-phase average molar flux of the σ species at the top boundary and the dimensionless concentration. Figure 3 shows the effective diffusion coefficients for a random porous material with a porosity of 0.5-0.85. The simulation results were compared with those from other studies. It was observed that the effective diffusion coefficients rise monotonically with increasing porosity because the area of open flow passage rises rapidly as porosity rises. For a given porosity, the effective diffusion coefficients increase when the Hurst exponent increases from 0.3 to 0.7, which is similar to the permeability of porous material reconstructed by the RMD. For reconstructed porous material with the lowest Hurst exponent (H = 0.3), diffusion resistance in the pores is at its greatest because of the low correlation of topological structures, causes high tortuosity in porous material, as shown in Fig. 4(a) . When H = 0.5, the effective diffusion coefficients are close to those predicted by the empirical equation obtained by Wakao and Smith (1962) and by LBM simulation for three-dimensional circular cylinders in staggered. However, the effective diffusion coefficients are obviously improved for porous media with high correlation of topological structures (H = 0.7), as shown in Fig. 4(c) , and they are consistent with the analysis of Maxwell (1954) .
It can be seen that the fractal dimension indicated by the Hurst exponent plays a significant role in the connectedness of porous material. This connectedness indicates that the ratio of a pore is connected to other pores in an infinite cluster that allows the transport of fluid and solutes across porous material (Yuan et al., 2001 ). The effective diffusion coefficients decrease as the fractional dimension becomes higher owing to the increased tortuosity at the same porosity.
Effective thermal conductivities can be used to describe the heat transfer characteristics of porous material. In this work, these conductivities were predicted based on the simulation of heat conduction in reconstructed porous material. The calculation method used was similar to that in Eq. (19). The ratio of the heat conductivity coefficient for the solid matrix k s and the gas k g was set as 10. As shown in proportional to the porosity because the increasing volume of the solid matrix enhances the heat transfer performance of porosity. When porosity is less than 0.5, the solid matrix may form connected structures and thus the effective thermal conductivities will rise more quickly. Figure 6 shows the dimensionless temperature distribution of porous material in the process of heat conduction when H = 0.5 and ε = 0.7. The three temperature distribution planes are displayed as the dimensionless node temperatures and are 0.9, 0.6, and 0.3, respectively. The rough counter lines of the temperature distribution are shown in the figure because of the difference in thermal conductivities between the pores and the solid matrix of the porous material.
CONCLUSION
In this study, the LBM was used to simulate the diffusion and heat transfer processes of random fractal porous materials reconstructed by the RMD algorithm based on fractional Brownian motion. It was found that the Hurst exponent plays an interesting role in the behavior of the effective diffusion coefficients. Because the correlation of topological structures increases as the Hurst exponent for a given porosity increases, diffusion resistance in the pores obviously decreases. The effective thermal conductivities of fractal porous materials with different porosities was predicted, and the dimensionless temperature distribution of heat transfer in porous material was discussed.
